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Phospho-amino acid-speciﬁc antibodiesThe Abutilon mosaic virus (AbMV, Geminiviridae) DNA B component encodes a movement protein (MP),
which facilitates viral transport within plants and affects pathogenicity. The presence of phosphorylated
serine and threonine residues was conﬁrmed for MP expressed in yeast and Nicotiana benthamiana by
comparative Western blot analysis using phospho-amino acid- and MP-speciﬁc immunodetection. Mass
spectrometry of yeast-derived MP identiﬁed three phosphorylation sites located in the C-terminal domain
(Thr-221, Ser-223 and Ser-250). To assess their functional relevance in plants, several point mutations were
generated in the MP gene of DNA B, which replace Thr-221, Ser-223 and Ser-250, either singly or in
combinations, with either an uncharged alanine or a phosphorylation-mimicking aspartate residue. When
co-inoculated with DNA A, all mutants were infectious. In systemically infected plants the symptoms and/or
viral DNA accumulation were signiﬁcantly altered for several of the mutants.© 2009 Elsevier Inc. All rights reserved.IntroductionThe NewWorld begomovirus Abutilon mosaic virus (AbMV, Stanley
et al., 2005) possesses a bipartite genome consisting of two single-
stranded DNA circles (DNA A and B), which are replicated via double-
stranded intermediates in plant cell nuclei (Jeske, 2009). DNA B
harbors two genes that are necessary for systemic spread within host
plants: Open reading frame (ORF) BV1 (syn. BR1) encodes the nuclear
shuttle protein (NSP), which facilitates exchange of viral DNA
between nuclei and cytoplasm, and ORF BC1 (syn. BL1) themovement
protein (MP), which enables cell-to-cell transfer of viral transport
complexes through plasmodesmata, and long-distance via the phloem
(Jeske, 2009; Krichevsky et al., 2006; Rojas et al., 2005; Wege, 2007).
Both proteins control most likely viral pathogenicity (Jeske, 2009;
Rojas et al., 2005; Zhou et al., 2007). Microscopic studies using green
ﬂuorescent protein (GFP)-tagged AbMV MP or NSP revealed an
exclusive localization of NSP within nuclei, whereas MP was found
closely associated with the cell periphery or around nuclei in plant
cells (Zhang et al., 2001). MP exhibited a domain structure in which
the N-terminal (“pilot”) domain was responsible for the dichotomy
between cell periphery and peri-nuclear localization, a central portion(T. Kleinow).
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ll rights reserved.(“anchor domain”) targeted the protein to the cell periphery
(Frischmuth et al., 2004; Zhang et al., 2002), and the C-terminal
domain facilitated MP oligomerization (Frischmuth et al., 2004).
Electron microscopy techniques using high resolution freeze-fracture
immunolabeling showed that NSP expressed in yeast accumulated in
nuclei, and MP at the protoplasmic leaﬂet of plasma membranes and
vesicles with the N- and C-termini most likely protruding into the
cytoplasm (Aberle et al., 2002; Frischmuth et al., 2004). Following co-
expression, MP redirected NSP from nuclei to the cell periphery in
yeast as well as in plant cells (Frischmuth et al., 2007; Zhang et al.,
2001). Moreover, both proteins were transferred into the adjacent
cells in sink tissues of plants, indicating their transport capability even
in mesophyll cells despite the phloem-limitation of AbMV during
systemic infection (Abouzid et al., 1988; Horns and Jeske, 1991; Wege
et al., 2001; Zhang et al., 2001). Although a physical interaction
between NSP and MP could not be conﬁrmed by two-hybrid assays
(Frischmuth et al., 2004), both proteins assembled with double-
stranded supercoiled DNA in vitro, leading to ternary complexes of
conspicuous structures (Hehnle et al., 2004). As originally proposed
by Pascal et al. (1994) and Sanderfoot and Lazarowitz (1995), our data
are compatible with a “couple-skating” transport model (Frischmuth
et al., 2007; Hehnle et al., 2004; Jeske, 2009; Zhang et al., 2001) in
which MP binds NSP–DNA complexes at the cytoplasmic face of
plasma membranes or microsomal vesicles, and enables the transfer
to the adjacent cell. This might be realized either along the plasma
membrane lining the plasmodesmata, or along the plasmodesmata-
spanning endoplasmatic reticulum (ER, desmotubule). An alternative
“relay race” model predicting that NSP mediates nuclear export, and
90 T. Kleinow et al. / Virology 390 (2009) 89–101viral DNA is thereafter passed over to MP, which alone targets the DNA
to plasmodesmata and transports it to the adjacent cell has been
proposed (Jeske, 2009; Noueiry et al., 1994; Rojas et al., 1998, 2005;
Wege, 2007). Geminiviral MPs need multiple functions during the
transport process: (i) binding to DNA or DNA–NSP (depending on the
model), (ii) targeting to and modiﬁcation of plasmodesmata, (iii)
facilitating cell-to-cell transfer, and (iv) release of DNA or DNA–NSP
following plasmodesmatal passage.
In order to adapt proteins to different tasks, posttranslational
modiﬁcations, such as phosphorylation, may alter their primary
structure, and thus modulate activities, subcellular localization,
stability and interactions with proteins and other molecules (Kwon
et al., 2006). As modiﬁcations occur mostly in a sequence-speciﬁc and
reversible manner, they allow a complex regulation of biological
events. Correspondingly, plant endogenous macromolecule trafﬁcking
and MP-mediated movement of RNA viruses have utilized these
mechanisms (Lee and Lucas, 2001; Lee et al., 2005; Taoka et al., 2007;
Waigmann et al., 2004). For the DNA containing geminiviruses,
indirect evidence for posttranslational modiﬁcation of MPs in plants
was the detection of retarded protein band patterns in addition to aMP
signal corresponding to the expected molecular mass in western blot
analysis (Kleinowet al., 2008; Pascal et al.,1993; vonArnimet al.,1993;
Zhang et al., 2001). Metabolic labelling experiments of MP expressed
either in insect cells for Squash leaf curl virus (SLCV, Pascal et al., 1994),
in bacteria (Wege and Jeske, 1998), or yeast (Kleinow et al., 2008) for
AbMV conﬁrmed a phosphorylation. In comparative Western blot
analysis, AbMV MP extracted from infected plants yielded a band
pattern more similar to the one of yeast-derived MP than to those
obtained after expression in bacteria (Kleinow et al., 2008). Hence,
yeast was chosen as the more suitable model organism to further
dissect the modiﬁcations of MP (Kleinow et al., 2008). Metabolic
radioactive labeling experiments revealed phosphorylation of all MP
variants represented by the distinct bands and thus suggestedmultiple
phosphorylation sites. However, complete dephosphorylation by
alkaline phosphatase treatment was not sufﬁcient to eliminate the
MP bands with lower mobility indicating the presence of additional
modiﬁcations.
The MP concentration is very low in AbMV-infected plants due to
its transient expression during virus spread and the small number of
phloem-limited infection sites (for discussion see Kleinow et al.,
2008). Thus, a detailed study of modiﬁcations occurring in plant-
derived MP was not feasible so far. To circumvent these problems, we
have now established for epitope-tagged MP a transient and inducible
expression assay in the experimental host N. benthamiana. Compara-
tiveWestern blot analysis using phospho-amino acid- andMP-speciﬁc
antibodies indicated modiﬁed amino acids under these circumstances
in plants. Subsequently, the phosphorylation sites have been mapped
by mass spectrometry in yeast-expressed MP. To assess the functional
relevance of these sites for the infection process in planta, we have
introduced corresponding point mutations into the MP-encoding ORF
BC1 of DNA B and analyzed their effects on infectivity, symptom
development and viral DNA accumulation.
Results
AbMV MP is phosphorylated in plants
In order to enable testing of the AbMVMP phosphorylation status
in planta, an estradiol-inducible overexpression system was estab-
lished. To ensure the speciﬁc detection of plant-originated protein,
we expressed MP fused to an intron-disrupted c-Myc epitope. This
approach resulted in reliably high amounts of c-Myc-MP, adequate
for studies between 12 and 70 h post estradiol induction (hpei). The
same expression vector carrying an HA-tagged GUS served as a
control in these experiments. The c-Myc-MP or HA-GUS constructs
were agro-inﬁltrated into N. benthamiana leaves and proteinsextracted at 24 and 48 hpei were subjected to a comparative
Western blot analysis. Blots were ﬁrst tested for the presence of HA-
GUS (data not shown), or c-Myc-MP using epitope-speciﬁc immu-
nodetection (Fig. 1A, left column). After stripping, the same blots
were re-probed with anti-phospho-threonine-speciﬁc and three
different anti-phospho-serine-speciﬁc antibodies (Fig. 1A, right
column). Signals thus obtained co-localized with the c-Myc-MP-
speciﬁc bands indicating phosphorylated serine as well as threonine
residues in plant-derived MP (Fig. 1A). Since the anti-c-Myc antibody
shows a weak cross reactivity to some endogenous plant proteins, c-
Myc-MP-speciﬁc bands were identiﬁed via direct comparison with the
HA-GUScontrol samples (Fig.1A, left column). The identity of c-Myc-MP
signals was additionally conﬁrmed in control immunodetections using
an anti-AbMV MP polyclonal antiserum (Wege and Pohl, 2007) (data
not shown). The anti-c-Myc antibody detected a c-Myc-MP-speciﬁc
band corresponding to the expected molecular mass of the fusion
protein (35.6 kDa) and bandswith retardedmigration behavior (Fig.1A,
left column, brackets). c-Myc-MP-speciﬁc signals of lower molecular
mass were also found (Fig. 1A, left column, asterisks). As they were
detectable by the N-terminal c-Myc tag (1.2 kDa) and possessed a
minimum molecular mass of 24 kDa, they represent most likely
truncated c-Myc-MP variants. Immunodetectionwith antibodies recog-
nizing either generally phosphorylated serine residues (Fig. 1A, I) or
phosphorylated serines adjacent to acidic amino acids (Fig. 1A, II)
yielded more intense c-Myc-MP-speciﬁc signals than antibodies
detecting phospho-serine followed by proline or lysine residues (Fig.
1A, III). With the anti-phospho-threonine-speciﬁc antibody, a weak but
unequivocal signal for full-length c-Myc-MP was apparent at 24 hpei
(Fig. 1A, IV). All tested phospho-amino acid-speciﬁc antibodies also
labeled bands co-localizing with putatively truncated c-Myc-MP bands
(Fig. 1A, I–IV, asterisks).
For comparison, AbMV MP heterologously expressed in ﬁssion
yeast, which previously had been shown to be phosphorylated by in
vivo labeling (Kleinow et al., 2008), was subjected to the comparative
western blot analysis. Pellet and supernatant protein fractions
extracted from MP-expressing and, as a control, empty vector-
harboring yeast cells were assayed for the presence of MP by
immunodetection using an anti-AbMV MP antiserum (Fig. 1B, left
column). The typical MP pattern (Kleinow et al., 2008) with bands of
several apparent molecular masses was reproduced (Fig. 1B, a–c).
After stripping, the same blots were re-probed with the phospho-
amino acid-speciﬁc antibodies. The four antibodies revealed co-
localizing bands for all three MP-speciﬁc bands (a–c; Fig. 1B),
indicating protein phosphorylation at serine and threonine residues
in yeast. As previously observed for plant-derived MP, general anti-
phospho-threonine (IV), and anti-phospho-serine-speciﬁc antibodies
I (general phospho-serine) and II (phospho-serine adjacent to acidic
amino acids) generated stronger signals than antibody III (phospho-
serine followed by proline or lysine). In summary, the comparative
Western blot analyses showed that AbMV MP was phosphorylated at
serine and threonine residues in yeast as well as in plants.
The C-terminal region of AbMV MP contains three sites which are
differentially phosphorylated in yeast
The phosphorylation sites of AbMV MP were mapped by mass
spectrometry using ﬁssion yeast-derived protein, as only heterologous
expression yielded sufﬁcient amounts for analysis. Because the
membrane-associated MP accumulates preferentially in the insoluble
pellet this fraction was separated by SDS-PAGE, and MP-containing
bands were excised from the gel following Coomassie blue-staining
(Fig. 2A, a–c). Peptides extracted after in-gel trypsin digestion were
subjected to matrix-assisted laser-desorption/ionization mass spec-
trometry reﬂector time-of-ﬂight (MALDI-ReTOF) analysis, and in the
mass spectra AbMV MP-originated peptides were signiﬁcantly
determined by Mascot peptide mass ﬁnger print software. Peptides
Fig. 1. Immunodetection of phosphorylated serine and threonine residues in AbMV MP expressed either in yeast (S. pombe) or N. benthamiana plants under the control of
inducible promoters. (A) N. benthamiana leaves were inﬁltrated with Agrobacterium suspensions harboring constructs for the expression of an estradiol-inducible c-Myc-MP or a
HA-GUS for control. Total protein extracts were prepared 24 and 48 hpei and MP levels were tested by immunodetection with monoclonal anti-c-Myc antibody (left column).
Following stripping, the same membranes were probed for proteins containing phospho-amino acids (right column, I: general phospho-serine, II: phospho-serine adjacent to
positively charged amino acids, III: phospho-serine followed by proline or lysine, or IV: general phospho-threonine). Brackets mark full-length MP-speciﬁc signals and asterisks
truncated c-Myc-MP exhibiting lower molecular mass. (B) Fission yeast cells either containing a MP expression construct (MP) or for control an empty vector (V) were disrupted
and supernatant (S) and pellet (P) protein fractions were collected after centrifugation and analyzed for the presence of MP by Western blotting using anti-AbMV MP polyclonal
antiserum (left column). The same blots were re-probed with phospho-serine and -threonine-speciﬁc antibodies as describe above (A) (right column, I–IV). MP-speciﬁc bands are
labeled (a–c). The positions of molecular mass marker bands (kDa) are shown on the left. Note that MP-speciﬁc immunodetections were performed with peroxidase-conjugated
secondary antibodies and ECL, whereas the phospho-amino acid-speciﬁc detections were carried out with alkaline phosphatase-conjugated secondary antibodies and colorimetric
detection to exclude carry over of signals.
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exhibit also signals with a typical increase of 80 mass units per
phosphate group added. In case of transient phosphorylation, a
heterogeneous peptide population is expected. Consequently, only a
certain percentage of tryptic peptides generated from the same origin
may showamass shift leading to peaks of possibly low signal intensity.
Such small peaks were subjected to additional nano-liquid chromato-
graphy electrospray ionization tandem mass spectrometry (LC-ESI-
MS/MS) analysis. MALDI-ReTOF data revealed MP sequence coverage
of 51–75% (band “a”: 66%; band “b”: 75%; band “c”: 51%) and nano-LC-
ESI-MS of 65%, respectively. The tryptic peptide corresponding to
MP212–233 exhibited an exceptionally clear peak for the 80 mass units
difference in MALDI-ReTOF (Fig. 2B). For MP gel band “a”, a singly
phosphorylated form was detected (Fig. 2B, lower panel, +P) in
addition to the non-phosphorylated precursor. In contrast, for gel band“b” this peptide appeared nearly completely doubly phosphorylated
(Fig. 2B, middle panel, +2P). For gel band “c”, no peptide
corresponding to MP212–233 could be detected in the analyzed mass
range (Fig. 2B, upper panel, data not shown). To identify the
phosphorylated amino acids, the tryptic peptides of MP band “b”
were analyzed by nano-LC-ESI-MS/MS. Candidate peptides which
showed the 80 mass units difference, were selected for collision-
induced fragmentation. To verify positions of phosphorylated amino
acids in these peptides, their generated ion series mass values were
tested if they match to theoretically calculated y- and b-ion masses
from one of the possible phosphorylated precursors (MS product
software). Because phosphorylation is unstable during ESI-MS/MS
analysis, the obtained ions were also inspected if they exhibited
neutral losses of H3PO4. For the doubly phosphorylated peptide
corresponding to MP212–233, ions were detected which ﬁt to the
Fig. 2. Identiﬁcation of phosphorylation sites in yeast-expressed AbMV MP by MALDI-ReTOF and nano-LC-ESI-MS/MS. (A) The pellet protein fractions of MP-expressing (MP)
plasmid and, for control, empty vector (V) harboring yeast cells were resolved by 12.5% SDS-PAGE. Coomassie-stainedMP-containing bands (a–c) were excised, digestedwith trypsin
and further analyzed by MALDI-ReTOF and nano-LC-ESI-MS/MS. The positions of molecular mass marker bands (kDa) are indicated. (B) MALDI-ReTOF spectra originated from the
three bands (a–c) covering the mass range for the tryptic peptideMP212–233. Casually occurring oxidation of the methionine present in this peptide led to an increase of 16 mass units
(+O) and results in pairs of signals. MP212–233 molecular masses are indicated above the signals and those compatible with phosphorylation are displayed in bold (+P: single
phosphate group, +80mass units, +2P: two phosphate groups, +160 mass units). Note that the tryptic peptide was undetectable in gel band “c”. (C) Fractions collected by nano-LC
of tryptic peptides fromMP band “b”were analyzed by ESI-MS/MS. The triple-charged, doubly phosphorylated tryptic peptide corresponding toMP212–233 was selected for collision-
induced fragmentation. The observed b- and y-type fragments are annotated in the product ion spectrum and in the peptide sequence above. Some ions were commonly
accompanied by neutral loss of H2O (−H2O). Ions carry a phosphorylated amino acid also afforded a neutral loss corresponding to 98 mass units (−H3PO4) per present
phosphorylation and are displayed in bold. Double-charged ions (2+), whose presence strengthens the assignment of phosphorylated amino acids are also highlighted. The x axes
show mass-to-charge ratio (m/z) and the y axes relative abundance of the ions (absolute intensity).
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221) and the second serine (MPaminoacidposition223, Ser-223)were
phosphorylated (Fig. 2C). A second candidate peptide (MP238–256) was
also conﬁrmed to be phosphorylated. The y- and b-ions indicated that
the third serine corresponding toMPaminoposition250 (Ser-250)was
modiﬁed by phosphate (Fig. 3A). Moreover, inspection of a tryptic
peptide of the N-terminus of MP (MP1–19) by nano-LC-ESI-MS/MSrevealed amass shift of plus 42mass units for the detected b-ion series,
which was absent from the identiﬁed y-ions (Fig. 3B). Hence, an
acetylation at the ﬁrst methionine was apparent. Fig. 3C summarizes
the positions of the identiﬁed modiﬁcations with relation to the
functional domains of AbMV MP. All three phosphorylation sites were
located in the centre of the C-terminal region, which was previously
shown to oligomerize in yeast (Frischmuth et al., 2004).
Fig. 3. Determination of phosphorylated and acetylated amino acids in yeast-expressed AbMV MP by nano-LC-ESI MS/MS. LC-puriﬁed tryptic peptide fractions of MP-containing
band “b” were subjected to ESI-MS/MS (compare Fig. 2). The mass-to-charge ratio (m/z) is depicted on the x and the relative abundance of ions (absolute intensity) on the y axes.
Parent ions are indicated with asterisks. Double-charged ions (2+) supporting the attribution of N-terminal acetylation or phosphorylated amino acids, respectively, are annotated.
(A) The double-charged, potentially singly phosphorylated peptide corresponding to MP238–256 was subjected to collision-induced fragmentation. A majority of products could be
assigned to y- and b-type ion series as marked in the spectrum and in the peptide sequence. Those according to a neutral loss of −98 mass units (−H3PO4), evolved from a
phosphorylated amino acid in the parent ion, are displayed in bold. Ions accompanied by neutral loss of H2O are labeled (−H2O). (B) LC-MS/MS product ion spectrum of singly
charged peptideMP1–19. Determined ions are labeled in the spectrum and in the peptide sequence above. The b-ions exhibiting an increase of 42mass units indicative of an acetylated
amino acid are marked in bold. (C) Amino acid sequence of AbMV MP. Functions assigned to MP regions are underlined; N-terminal pilot domain in black, the anchor domain by a
dotted line, and the C-terminal oligomerization domain in grey (Frischmuth et al., 2004; Zhang et al., 2002). The identiﬁed acetylated methionine is marked by a circle,
phosphorylated amino acids by a triangle.
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Ser-250 affects symptom development and DNA accumulation in
N. benthamiana
In order to test the importance of the identiﬁed MP phosphoryla-
tion sites for an AbMV infection in planta, two types of point
mutations were introduced into the MP gene at individual sites or in
combinations: substitutions by uncharged alanine, or by negatively
charged, phosphorylation-mimicking aspartate residues (Karger et al.,
2003; Trutnyeva et al., 2005; Waigmann et al., 2000). In total, eight
MPmutant constructs were generated. They comprise single exchange
of Thr-221, Ser-223 and Ser-250 to alanine (T221A, S223A and S250A)
or aspartate (T221D, S223D and S250D), as well as the respective
double mutants of Thr-221 and Ser-223 (T221A/S223A and T221D/
S223D). Mutagenesis was performed in the MP gene of DNA B using a
PCR site-directed mutagenesis strategy followed by ϕ29 polymerase-
based rolling circle ampliﬁcation (RCA). These RCA products were
biolistically delivered along with wild-type AbMV DNA A into N.
benthamiana. For comparison, plants were bombarded with both
wild-type DNA A and DNA B, and as mock-inoculated reference with
wild-type DNA B alone.
Nucleic acids extracted at 21 days post inoculation (dpi) from
newly emerged sink leaves were analyzed for the presence of circular
viral DNAs by RCA and restriction fragment length polymorphism
(RFLP, Haible et al., 2006) using the introduced mutant-speciﬁc
restriction sites (Table 1) in combination with BamHI which cleaves
twice in AbMV DNA B (example in Fig. 4). In four independent
experiments, RCA-RFLP revealed that between 62 and 85% of the
plants which had been inoculated with a combination including a MP
mutant were systemically infected (Table 2). Following endonuclease
digestion these samples showed the band pattern expected for the
respective MP point mutation (example in Fig. 4). Mock-inoculated
control plants generated no RCA product (Fig. 4, m). The absence of
revertants or wild-type contaminations was conﬁrmed for each plant
by direct sequencing of the MP coding region of the RCA products.
In 10 to 30% of the systemically infected plants various types of smallTable 1
Primers for PCR site-directed mutagenesis of AbMV DNA B-encoded MP and subcloning of
The translation is depicted below the mutagenesis primer nucleotide sequence; nucleotide a
The translation is depicted below the mutagenesis primer nucleotide sequence; nucleotide
sites in AbMV DNA B and the HA-GUS DNA fragment, respectively, are underlined.in-frame deletions were found which were located exactly at the
positions of the back-to-back primer pairs used for PCR site-directed
mutagenesis (Table 1). As these types of deletions were absent from
wild-type, they most likely arose from the site-directed mutagenesis
technique used. These plants were excluded from the further data
collection. In order to judge the stability of the mutated DNA Bs in
planta, the virus progeny fromone primary inoculated plant permutant
was passaged to a secondary set of four plants via biolistic delivery of
their RCA products, and the viral DNA from newly emerged sink leaves
was analyzed by RCA-RFLP and sequencing as before (Table 2). All
secondary inoculated plants were systemically infected (Table 2).
Plants infected with veriﬁed MP mutants were scored for their
symptom phenotype assessing severity of stunting, and extent of
yellow-green leaf mosaic and leaf deformations in comparison to
mock-inoculated and wild-type AbMV-infected ones. With respect to
these three evaluation criteria, plants were grouped into four
symptom categories. Class I exhibited at minimum one feature that
was signiﬁcantly milder than wild-type, class II was similar to wild-
type, class III exhibited at least one feature that was signiﬁcantly more
severe than wild-type, and class IV showed two to three symptomatic
traits signiﬁcantly more severe than wild-type infection. Comparing
symptoms in plants of the primary inoculation with the mutant RCA
products with those of the secondary infection showed no signiﬁcant
differences with respect to symptom development (Table 2). Thus, all
experiments were combined in the analysis. Representative plants at
46 dpi are shown in Fig. 5. MP aspartate mutants T221D and/or S223D
and the double alanine mutant T221A/S223A resulted in signiﬁcantly
enhanced symptoms (Table 2, Figs. 5A and B). The single alanine
mutants T221A and S223A were more variable in the type of
symptoms induced. T221A induced severe category IV symptoms in
most of the infected plants (Table 2, Fig. 5B), but also plants in milder
symptom categories were obtained (Table 2). In contrast, S223A
exhibited no clear tendency for symptom alteration (Table 2, class III
example in Fig. 5B). Hence, ﬁve out of the six amino acid exchange
mutants at positions Thr-221 and/or Ser-223 enhanced AbMV
symptom development. In contrast, replacements of Ser-250 bythe HA-GUS fragment.
nd amino acid exchanges are displayed in bold, newly introduced unique restriction sites in
and amino acid exchanges are displayed in bold, newly introduced unique restriction
Fig. 4. Infectivity of alanine and phosphorylation-mimicking MP mutants at amino acid
positions Thr-221, Ser-223 and Ser-250 in N. benthamiana. Viral DNA was extracted from
plants at 21 days post bombardment with wild-type DNA B alone (m) or DNA A plus
either wild-type DNA B (A B) or DNA B encoding different MP mutants, respectively, and
analyzed by RCA-RFLP using BamHI in combination with mutagenesis-speciﬁc restriction
endonuclease (Table 1). Samples were separated on an agarose gel. Since wild-type DNA
B is only affected by BamHI in each RFLP analysis this produces the expected fragments of
2027 and 558 bp. AbMV DNA A-derived fragments are marked by asterisk. (A) RFLP
pattern after digestion with BamHI and BlpI. The expected restriction fragments of DNA B
encoding MP aspartate mutants at Thr-221 and/or Ser-223 are indicated (T221D, S223D,
T221D/S223D: 1567, 558 and 460 bp). DNA A is unaffected by BamHI and BlpI and its
presence was conﬁrmed by additional restriction analysis using SstI (data not shown).
(B) RFLP pattern after digestion with BamHI and AlwNI. The expected restriction
fragments of DNA A and DNA B encoding MP alanine mutants at Thr-221 and/or Ser-223
are indicated (DNA A: 1895 and 737 bp; T221A, S223A, T221A/S223A: 1567, 558 and
460 bp). (C) RFLP pattern after digestion with BamHI and PvuII. The expected restriction
fragments of DNA A and DNA B encoding MP alanine or aspartate mutants at Ser-250 are
indicated (DNA A: 2632 bp; S250A, S250D: 1647, 558 and 380 bp).
95T. Kleinow et al. / Virology 390 (2009) 89–101alanine or aspartate led to consistent symptom amelioration in both
cases (Table 2, Fig. 5B).
In order to investigate whether the mutations inﬂuenced AbMV
spread, the accumulation of viral DNA in systemically infected sink
leaves at 21 dpi was tested by semi-quantitative Southern blot
analysis. Only plants conﬁrmed by RCA-RFLP and sequencing to beinfected with DNA A and the correct respective DNA B construct, were
included in the assay. Systemic infection with MP mutants produced
in most cases alterations of the viral DNA levels (Fig. 6). Unexpectedly,
the S250D, the T221D and the T221D/S223D mutant accumulated
differentially and changed titers of DNA A and DNA B. T221 mutants
and the double mutants T221/S223 exhibited DNA levels which were
either similar to those of wild-type infection (DNA A and B: T221A/
S223A; only DNA A: T221D and T221D/S223D) or increased (DNA A
and B: T221A; only DNA B: T221D and T221D/S223D). In contrast, MP
mutants S223A, S250A and S250D showed reduced DNA accumula-
tion. For S250D, the DNA B titer was even more strongly decreased
than that of DNA A. For mutant S223D, variable viral DNA levels were
observed for individual plants infected in parallel. Some plants
accumulated more, others less viral DNA. Interestingly, in some of
these plants the amount of single-stranded (ss) DNA was more
strongly reduced than that of other viral DNA forms. On the whole,
higher amounts of viral DNA correlated with more severe symptoms
in three out of the ﬁve cases (T221A, T221D, T221D/S223D). In
contrast, for mutations of Ser-250, a clear correlation between
ameliorated pathogenicity and reduced DNA titers was observed.
Discussion
In accordance with our previous proposal that AbMV MP is
phosphorylated at multiple positions in S. pombe (Kleinow et al.,
2008), phospho-serine and -threonine were detected in the various
MP-speciﬁc bands obtained from yeast- and plant-expressed protein
as conﬁrmed byWestern blot analysis using different phospho-amino
acid-speciﬁc antibodies. Irrespective of the origin, MP showed a strong
label by an antibody detecting phospho-serine in the context of acidic
amino acids. Correspondingly, the by mass spectrometry identiﬁed
phosphorylation site Ser-223 matches this epitope motif perfectly. In
plant samples, c-Myc-MP-speciﬁc bands with lower molecular mass
were strongly recognized by all phospho-amino acid-speciﬁc anti-
bodies, especially the phospho-threonine antibody. These smaller
products of MP represent most likely truncated proteins, which might
accumulate due to overexpression. Interestingly, other studies
observed as well for plant-originated geminiviral MPs speciﬁc bands
with lower apparent molecular mass reproducibly in western blot
analysis (Duan et al., 1997a; Pascal et al., 1993), suggesting a speciﬁc
cleavage of MPs within plant cells.
Mass spectrometry of yeast-derived MP identiﬁed three phosphor-
ylation sites in the C-terminal domain (Thr-221, Ser-223 and Ser-250).
Combining the MALDI-ReTOF results for MP-speciﬁc bands “a”–“c”
with the nano-LC-ESI-MS data for band “b” revealed a differential
phosphorylation of Thr-221 and Ser-223, whereas Ser-250 appeared
phosphorylated in a low percentage within the three MP bands (a–c).
In band “a” MP was singly phosphorylated either at Thr-221 or at Ser-
223, and in band “b” both positions were modiﬁed nearly completely.
The lack of MALDI-ReTOF detection for the tryptic peptide comprising
Thr-221 and Ser-223 in band “c” could be caused by a potential
unidentiﬁed modiﬁcation leading either to inhibition of its ionization
or to a mass increase beyond the detectionwindow. Since the MALDI-
ReTOF and the nano-LC-ESI-MS analysis did not cover the complete
MP sequence, we cannot exclude the possibility that further
modiﬁcations have been missed. There is evidence supporting this
assumption since an antibody preferentially reacting with phospho-
serine followed by lysine or proline gave a weak MP-corresponding
signal in Western blot analysis of yeast and plant samples, although
none of our identiﬁed serine phosphorylation sites covered this
epitope motif. However, a weak cross reactivity of this antibody
towards phospho-serine in another amino acid context cannot be
excluded. Mass spectrometry showed as well an acetylation of the ﬁrst
methionine in AbMVMP. Normally, this modiﬁcation occurs following
methionine cleavage, but in some cases the start methionine is
directly acetylated (Hofmann and Munro, 2006; Walling, 2006).
Table 2
Effects of MP phosphorylation site mutations on AbMV infection rate and symptom development in N. benthamiana.















I II III IV
B 0/13 0 13
A + B 12/12 0 100 12 12
4/4 100 4 4
A + B T221D 10/13 1 77 9 1 8
100 4 4
A + B T221A 10/13 4 77 6 1 1 4
4/4, 4/4b 100 6 1 2 3
A + B S223D 8/13 2 62 6 1 1 1 3
4/4, 4/4b 100 8 8
A + B S223A 11/13 4 85 7 1 2 4
6/6 100 6 3 3
A + B T221D/S223D 8/13 3 62 5 1 1 3
4/4, 4/4b 100 7 7
A + B T221A/S223A 8/13 3 62 5 1 4
4/4 100 4 4
A + B S250D 8/13 2 62 6 3 2 1
100 3 2 1
A + B S250A 8/13 2 62 6 2 4
4/4 100 3 3
For symptom classiﬁcation the severity of stunting, yellow-green leaf mosaic and leaf deformation were evaluated; class I: at minimum one feature signiﬁcantly milder than wild-
type, class II: similar to wild-type, class III: at least one feature signiﬁcantly more severe than wild-type, class IV: two to three features signiﬁcantly more severe than wild-type.
a Number of plants harboring DNA B with secondary mutations (amino acid deletions) which were therefore excluded from the further analysis.
b Virus progeny of two primary inoculated plants was passaged.
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lysosomal localization of a mammalian Arf-like GTPase (Hofmann and
Munro, 2006). The biological function of N-terminal acetylation, is still
not completely determined, but most likely improves protein stability,
for example during cytosol passage (Meinnel et al., 2006; Pesaresi et
al., 2003). Whether methionine acetylation of AbMV MP also appears
in plants remains to be determined.
The functional relevance of the phosphorylated sites Thr-221, Ser-
223 and Ser-250, which have been determined on yeast-expressedMP,
is supported by our mutational study using AbMV DNA B-encodedMP
variants in planta. Irrespective of the kind of replacement, either by
uncharged alanine or by phosphorylation-mimicking aspartate resi-
dues, a lack in MP phosphorylation capability resulted in changes in
symptom development and/or accumulation of viral DNA. Mutations
of Thr-221 and/or Ser-223 in most cases induced more severe
symptoms, and frequently led to elevated levels of viral DNA.
Reciprocally, mutations at Ser-250 exhibited ameliorated symptoms
and lower levels of viral DNA. Such a correlation between symptom
enhancement and elevated AbMV DNA titers had been previously
observed for co-infections of AbMV with the RNA virus Cucumber
mosaic virus (Wege and Siegmund, 2007). However, in three MP
mutants we observed no correlation between symptom development
and viral DNA accumulation (S223D, S223A and T221A/S223A).
Unexpectedly, DNA A and DNA B levels behaved differently for
mutants S250D, T221D and T221D/S223D, with more pronounced
changes in DNA B concentrations. We have not observed such
differences in amounts of DNA A and DNA B in New World
geminiviruses so far, but for the Old World geminivirus Sri Lankan
cassava mosaic virus (SLCMV) differing DNA A and DNA B levels were
observed previously (Patil and Dasgupta, 2006; Patil et al., 2007;
Saunders et al., 2002). There is evidence to suggest that SLCMV is a
monopartite begomovirus which has recently captured a DNA B and
thus may represent a special case.
Geminiviral MPs have been shown to induce symptom-like pheno-
types upon overexpression and accumulation in plants (Duan et al.,
1997a, 1997b; Hou et al., 2000; Pascal et al., 1993). If phosphorylation
provided a signal also for AbMV MP proteolysis, this regulatory me-
chanism could explain the enhanced symptom severity caused by some
DNA B-encoded MPmutants in systemically infected plants. Regulationof ubiquitin-mediated proteolysis following substrate phosphorylation
represents a key signaling switch in many plant regulatory pathways
(Dreher and Callis, 2007; Pickart, 2001). If phosphorylation-induced
ubiquitination was a relevant mechanism to remove MP in plants, the
lack of a phosphorylatable site might result in over-accumulation of the
protein and concomitantly more severe symptoms. For RNA-containing
tobamoviruses it has been already proposed that phosphorylation may
be important for stabilityofMPwithinplant cells (Kawakami et al.,1999;
Waigmann et al., 2004). Moreover, Tobacco mosaic virusMP is likely to
be polyubiquitinated and degraded by the 26S proteasome (Reichel and
Beachy, 2000). Whether phosphorylation plays a role in this process is,
however, not yet deﬁned. Several previous studies uncovered the C-
terminal domain of begomoviral MPs to be important for symptom
development and pathogenicity (Duan et al., 1997a; Hou et al., 2000;
Ingham and Lazarowitz, 1993; Pascal et al., 1993; Saunders et al., 2001;
von Arnim and Stanley, 1992). The identiﬁcation of the AbMV MP C-
terminal portion carrying phosphorylation sites involved in symptom
development is in accordance with those observations. By introducing
small deletions or point mutations in MP-encoding regions of Tomato
goldenmosaic virus (TGMV), ACMV, and SLCV (Haleyet al.,1995; Ingham
et al., 1995; Sanderfoot and Lazarowitz, 1995; Saunders et al., 2001),
several amino acids were identiﬁed as being important for infectivity,
symptom development or subcellular localization. However, none of
those amino acids corresponds to one of the identiﬁed AbMV MP
phosphorylation sites we have identiﬁed here. It remains to be
determined which of the diverse functions of MP are controlled by the
three phosphorylation sites identiﬁed in this study. Possibly they
inﬂuence MP–MP interaction via the C-terminal domain (Frischmuth
et al., 2004),whichmay be essential for subsequent NSP interaction and
viral transport.
The amino acid context of AbMV MP Ser-250 does not ﬁt to any
already known kinase recognition motif, whereas Thr-221 (Fig. 3C, T-
D-S-E) and Ser-223 (Fig. 3C, S-E-M-E) exhibit a recognition motif (S/
T-X-X-E/D) for a casein kinase class II (CK2, Meggio and Pinna, 2003;
Pinna, 1990). Additional aspartate or glutamate at positions −1
increases the quality for CK2 recognition, thus Thr-221and Ser-223
presumably represent good substrates. CK2-type kinases were
previously identiﬁed to phosphorylate MPs of various RNA viruses,
such as TMV (Karpova et al., 2002), Tomato mosaic virus (Matsushita
Fig. 5. Effects of alanine or phosphorylation-mimicking mutations at AbMV MP amino acid positions Thr-221, Ser-223 and Ser-250 on symptom development in N. benthamiana.
Phenotype of plants systemically infected with AbMV DNA A plus either wild-type DNA B (A B) or DNA B encoding one of the various MP phosphorylation site mutants at 46 dpi.
Plants bombarded with DNA B alone served as mock-inoculated reference (m). Based on severity of symptoms plants were grouped into four classes (Table 2). (A) Symptom
phenotype of phosphorylation-mimicking MP mutants at Thr-221 and/or Ser-223 (class IV examples of A plus B T221D, B S223D or B T221D/S223D). (B) Symptom phenotypes of
alanine MP mutants at Thr-221 and/or Ser-223 (class IV examples of A plus B T221A or B T221A/S223A; class III example of A plus B S223A) and alanine or aspartate MP mutants at
Ser-250 (class I examples of A plus B S250A or B S250D). Note the absence of yellow-green mosaic in young leaves for Ser-250 mutants.
97T. Kleinow et al. / Virology 390 (2009) 89–101et al., 2000, 2003) and Potato virus X (Modena et al., 2008). Similarly,
the movement-associated coat proteins of Cauliﬂowermosaic virus and
Potato virus A were found to be phosphorylated by CK2, and alanine
replacement suggested that their phosphorylation sites might be
important for viral infectivity (Champagne et al., 2007; Chapdelaine et
al., 2002; Ivanov et al., 2003). Remarkably, if Thr-221 in AbMV MP
becomes phosphorylated, this introduces an additional negative
charge similar to an aspartate residue in front of Ser-223. Thus the
Ser-223 amino acid context would be changed to D-pT/“D”-D-S,
matching the consensus target sequence (negatively charged cluster
immediately N-terminally to target serine or threonine) for a casein
kinase class I (CK1, Gross and Anderson, 1998). Signiﬁcantly, this
negative charge requirement of CK1 is best supplied by phosphate
groups introduced at serine, threonine or tyrosine residues, character-
izing the CK1 family as phosphate-directed kinases acting on proteins
previously phosphorylated by other kinases (Gross and Anderson,
1998). CK1 family members have also been identiﬁed as playing a role
in phosphorylation of various viral MPs (Lee et al., 2005). TMVMPwas
shown to be phosphorylated at its C-terminal residues by a
plasmodesma-associated protein kinase (PAPK) belonging to the CK1
family (Lee et al., 2005). PAPK was also found to phosphorylate the
begomoviral Bean dwarf mosaic virus (BDMV) MP in vitro (Lee et al.,
2005). Moreover, PAPK recognized the plant endogenous non-cell-
autonomous protein LEAFY as a target, suggesting an involvement in
macromolecular trafﬁcking (Lee et al., 2005). Consequently, wesuppose that several kinases might be involved in AbMV MP
phosphorylation, probably including a CK1- and/or CK2-type kinase.
As the three sites were targeted in yeast and most likely in plants, this
implies that MP is phosphorylated by kinase families highly conserved
between plants and yeast. CK1 and CK2 represent such classes (Gross
and Anderson, 1998; Meggio and Pinna, 2003). Previous studies
identiﬁed several kinases that interact with other begomoviral
proteins than MP: adenosine and SNF1-related kinases (Hao et al.,
2003; Wang et al., 2003, 2005; Yang et al., 2007), SNF1-related kinase
activating kinases (Kong and Hanley-Bowdoin, 2002; Shen and
Hanley-Bowdoin, 2006), shaggy-related protein kinase (Piroux et al.,
2007) and various receptor-like kinases (Florentino et al., 2006; Fontes
et al., 2004; Mariano et al., 2004). Since these interactions were found
to play a role in the infection process in planta, the kinases might be
involved in MP phosphorylation as well.
A phylogenetic comparison of the 230 begomoviral MP amino acid
sequences available in the databases revealed that AbMVMPSer-250 is
locatedwithin a highly conserved domain (Supplementary Fig.1). Ser-
250 appears at exactly the same position in 226 MPs and three
sequences exhibit a threonine residue two amino acids downstream. In
contrast, Thr-221 and Ser-223 are located in a more variable stretch of
amino acidswhich carriesmany insertions or deletions in the different
MP sequences (Supplementary Fig. 1). Nevertheless, in the 96 related
NewWorld MPs, serine and threonine residues are located in identical
(221: 12/96 and 223: 86/96) or neighboring positions (221: 81/96
Fig. 6. Effects of alanine or phosphorylation-mimicking mutations at AbMV MP amino acid positions Thr-221, Ser-223 and Ser-250 on viral DNA accumulation in plants. Viral DNAs
were extracted at 21 dpi from N. benthamiana systemically infected with DNA A plus either wild-type DNA B (A B) or DNA Bs encoding one of the MP mutants (B T221A, B S223A, B
T221A/S223A, B T221D, B S223D, B T221D/S223D, B S250A, and B S250D) and separated on an agarose gel in the presence of EtBr. For each combination four individual plants are
shown and their symptom classiﬁcations (I–IV, compare Table 2) are indicated. (A) Southern blot analysis of blots hybridized with the AbMV DNA A-speciﬁc probe. Hybridization
standards (Sab: left to right 100 and 10 pg of Sa and Sb loaded in one lane; Sa: PCR-ampliﬁed DNA A-encoded ORF AC1, Sb: PCR-ampliﬁed DNA B exclusive of common region) and
positions of viral DNA forms (oc: open circular, lin: linear, ccc: covalently closed-circular and ss: single-stranded) are indicated. The area corresponding to replication by-products is
marked by a bracket. Note that Sb is not detected by the DNA A-speciﬁc probe. (B) Samples as in (A), but re-probed, after stripping, with the DNA B-speciﬁc probe. Note that Sa is not
detected by the DNA B-speciﬁc probe. (C) Gel area representing plant genomic DNA as loading control.
98 T. Kleinow et al. / Virology 390 (2009) 89–101and 223: 5/96). In most of the cases, these residues are embedded
within a CK2-recognition motif as in AbMV MP (position 221: 81/96
and 223: 65/96). Despite their sequence heterogeneity in the Thr-221/
Ser-223 domain, the majority of Old World MPs exhibit a high
abundance of serine/threonine residues in this region (17–45%).Many
of these are located as well in a CK2-recognitionmotif. Thus OldWorld
MPs display various potentially alternative phosphorylation sites in
this domain. However, two MP sequences deriving from Old World
viruses (YP_115514 Corchorus yellow vein virus and YP_001333690
Corchorus golden mosaic virus) have serine/threonine residues at
positions 221 and 223 within a CK2-recognition motif. Interestingly,
these two viruses have all the characteristics of New World
begomoviruses and are believed to be the only extant relatives of the
OldWorld begomoviruses that were introduced to the NewWorld and
diverged to yield all begomoviruses present in the New World today
(Ha et al., 2006). In summary, the phylogenetic comparison suggests
that the AbMV MP phosphorylation sites are conserved among New
and Old World begomovirus MPs, but with some variability with
respect to their exact localization. Thus, they probably have a general
functional importance for MPs of bipartite begomoviruses.
Materials and methods
Protein expression in yeast
AbMVMPwas expressed in Schizosaccharomyces pombe as described
(Kleinowet al., 2008). Protein extractswere preparedusingNEBbuffer 3
(50 mM Tris–HCl, 10 mM MgCl2, 100 mM NaCl, 1 mM DTT; pH 7.9 at
25 °C) supplementedwithprotease inhibitors according toKleinowet al.
(2008) and phosphatase inhibitors (phosphatase inhibitor cocktail 1and 2, Sigma, Taufkirchen, Germany). After adding SDS-PAGE loading
buffer to supernatant andpellet protein fraction, sampleswereheated to
40 °C for 30 min prior to electrophoresis.
SDS-PAGE and Western blotting
Separation of denatured proteins by 12.5% SDS-PAGE and blotting to
nitrocellulose membranes was performed as described (Kleinow et al.,
2008). Blots were shaken for 1 h at room temperature in blocking buffer
(TBST [137 mM NaCl, 0.1% (v/v) Tween 20, 20 mM Tris–HCl pH 7.6]
containing 5% [w/v] BSA), and incubated overnight at 4 °C with either
rabbit anti-AbMV MP polyclonal antiserum (Wege and Pohl, 2007), rat
anti-hemagglutinin (HA, Roche, Mannheim, Germany) ormouse anti-c-
Myc monoclonal antibody (Sigma) diluted in blocking buffer (1:2000
anti-HA,1:1500 anti-c-Myc,1:5000 anti-AbMVMP). Afterwashing once
for 15 min and four times for 5 min with TBST, membranes were
incubatedwith peroxidase-conjugated secondary antibodies (goat anti-
mouse, goat anti-rabbit [Biotrend, Cologne, Germany] or goat anti-rat
[Sigma])diluted1:10,000 inblockingbuffer for 1hat roomtemperature.
Washing steps were repeated as above and detection was performed
using the enhanced chemiluminescence method (Visualizer Spray and
GlowECLdetection system,Upstate/Millipore, Eschborn, Germany) and
exposure to X-ray ﬁlms. For detection of phospho-serine- or phospho-
threonine-containing proteins on the same blots, previous antibodies
were removed by incubating the membrane for 30 min at 50 °C in
stripping buffer (62.5 mM Tris–HCl pH 6.7, 2% SDS, 100 mM β-
mercaptoethanol) and washing twice for 10 min with TBST. The
blocking, washing and antibody incubation steps for the second
detection were carried out as before. Three different mouse anti-
phospho-serine antibodies (each diluted 1:100, phospho-serine
99T. Kleinow et al. / Virology 390 (2009) 89–101detection kit, Calbiochem/Merck, Schwalbach, Germany)were used: for
general detection of phospho-serine antibody 1C8, for phosphorylated
serine residues adjacent to positively charged amino acids 4A3, and for
phospho-serine followed C-terminally by proline or lysine 16B4.
Phospho-threonine was monitored by mouse anti-phospho-threonine
antibody 42H4 (diluted 1:1,000, Cell Signaling/New England Biolabs,
Ipswich, MA). Colorimetric detection using a goat anti-mouse alkaline
phosphatase-conjugated secondary antibody (Biotrend)was performed
according to Wege and Pohl (2007).
MALDI-ReTOF and nano-LC-ESI-MS/MS
Expression of AbMV MP in ﬁssion yeast, protein extraction and
separation of pellet fractions on a 12.5% SDS-PAGE were performed as
described above. Following staining with Coomassie blue (R-250), the
three MP-containing bands (Fig. 2A, a–c) were excised from the gel.
Samples were reduced (10 mM dithiothreitol treatment), alkylated
(40mM iodacetamide treatment) and subjected to in-gel digestionwith
trypsin. The extracted peptides of the three bands (Fig. 2, a–c) were
analyzed for potential phosphorylation by MALDI-ReTOF (REFLEX IV
MALDI, Bruker Daltonics, Billerica, MA). Processing of the spectra and
data evaluation was performed with the Bruker Daltonics FlexAnalysis
2.4, Bruker Daltonics Biotools 2.2 and Mascot peptide mass ﬁngerprint
(http://www.matrixscience.com) software. To identify positions of
phosphorylated amino acids, the band “b” peptides were further
dissected by nano-LC-ESI-MS/MS on a capillary LC system coupled
directly to a high capacity ion trap (HCT) mass spectrometer (Bruker
Daltonics). The obtained spectra were interpreted by Bruker Daltonics
DataAnalysis 3.2, Biotools 2.2, Mascot peptide mass ﬁngerprint, Mascot
MS/MS ion search (http://www.matrixscience.com) and MS product
(http://prospector.ucsf.edu/) software.
Cloning procedure
For ectopic expression of epitope-tagged AbMV MP in planta, the
full-lengthMP coding sequencewas excised by BamHI restriction sites
from pGEM-T® (Frischmuth et al., 2004) and inserted into the BamHI
site of the pPCV002-Gigi vector (Ferrando et al., 2001). The resulting
fusion of the gene with the intron-tagged coding sequence of the c-
Myc epitope present in pPCV002-Gigi was conﬁrmed by restriction
endonuclease digestion and sequencing. The pPCV002-Gigi-MP con-
struct was linearized by HindIII at the 5′-end of the c-Myc encoding
region andoverhangswereﬁlled-inwithKlenowDNApolymerase. The
c-Myc-MP fragment was released on the 3′-end by cutting with EcoRI
and cloned into the XmnI and EcoRI sites of the GATEWAYentry vector
pENTR11 (Invitrogen, Carlsbad, CA). From an entry clone conﬁrmed by
restriction analysis, the DNA fragment was recombined into a GATE-
WAY compatible version of the pER8 binary vector (pMDC7, Curtis and
Grossniklaus, 2003), by which the c-Myc-tagged MP was expressed
under the control of an estradiol dependent promoter (Zuo et al.,
2000). A DNA fragment encoding a fusion of the uidA gene (GUS) with
the intron-tagged coding sequence of the HA epitope was PCR-
ampliﬁed (35 cycles of 10 s 94 °C, 1 min 58 °C, 2 min 68 °C followed by
5min 68 °C) fromapPCV812-Menchu construct (Ferrando et al., 2000)
using primers 11 and 12 (Table 1). The productwas transferred to pER8
vector cut with SpeI and XhoI by recombination using In-Fusion Dry-
down PCR cloning kit according to the manufacturer's recommenda-
tion (BD Biosciences, PaloAlta, CA). Resulting binary vectors were
veriﬁed by restriction analysis and sequencing.
Transient expression of AbMV MP in N. benthamiana and
protein extraction
Binary vectors carrying estradiol-inducible expression constructs
of c-Myc-MP or HA-GUS were introduced into Agrobacterium tumefa-
ciens GV3101 (pMP90RK) (Koncz et al., 1994) by chemical transforma-tion, and the integrity of the constructs was conﬁrmed by PCR.
Agrobacterium cultures were co-inﬁltrated along with an Agrobacter-
ium culture harboring a 35S promoter-driven expression construct of
the silencing suppressor p19 (Lakatos et al., 2004) into leaves of three-
week-old N. benthamiana as described previously (Voinnet et al.,
2003). 48 h after inﬁltration, expressionwas induced by treating leaves
with estradiol solution (10 μMestradiol in tapwater with 0.005% [v/v]
SILWET L-77) using a cotton cloth applicator. Leaf material was shock-
frozen in liquid nitrogen at 24 and 48 hpei. For protein extraction, plant
tissues were homogenized together with ceramic beads (6.5 m/s,
4×40 s, FastPrep®-24, MP Biomedicals, Irvine, CA) in SDS-PAGE
loading buffer, and heated to 40 °C for 30 min. The supernatant re-
covered after centrifugation (10 min, room temperature, 13,000 ×g)
was directly subjected to gel electrophoresis.
Extraction of total nucleic acids from plants
About 100 mg plant material were harvested from newly emerged
sink leaves at 21 and 46 dpi and ground in liquid nitrogen. After adding
500 μl extraction buffer (100 mM Tris–HCl pH 8.0; 20 mM EDTA; 1.4 M
NaCl; 2% cetyltrimethylammonium bromide [CTAB]; 0.5 M glucose,
preheated to 60 °C) the sampleswere incubated at 60 °C for 60min. The
suspension was gently mixed for 5 min with one volume chloroform/
isoamylalcohol (24:1) and centrifuged at 4 °C for 5 min at 13,000 ×g. To
precipitate the nucleic acids, two volumes ethanol were added to the
aqueous phase, followed by 2 h incubation at−20 °C and centrifugation
(25 min at 4 °C at 13,000 ×g). Pellets were washed twice with 70%
ethanol, air-dried for 15 min and dissolved in 100 μl water.
RCA-RFLP
For RCA of geminiviral circular DNAs (Haible et al., 2006), 10 ng of
total nucleic acids isolated as stated above were applied per TempliPhi
DNA ampliﬁcation kit reaction (GE Healthcare/Amersham Bios-
ciences, Uppsala, Sweden) and RCA was performed according to the
manufacturer's protocol. Products were analyzed by RFLP using the
indicated restriction endonucleases according to the supplier's
recommendations.
PCR site-directed mutagenesis of phosphorylation sites in AbMV MP
To introduce various site-directed mutations in MP, the complete
DNA B was PCR-ampliﬁed from an RCA product of AbMV-infected N.
benthamiana using back-to-back primer pairs that bind in the MP-
encoding ORF BC1 (Table 1, primer 1–6 with back primer 9, primer 7
and 8 with back primer 10). One primer of each pair introduced the
desired MP amino acid exchange together with a new unique
restriction site (primer 1–8, Table 1). Eight PCR reactions for the
individual mutations (Table 1) were carried out with native Pfu DNA
polymerase according to the supplier's protocol (Fermentas, Burling-
ton, Canada). 5′-ends of the gel-puriﬁed linear DNA Bs were
phosphorylated using T4 polynucleotide kinase and re-circularized
by intra-molecular ligation reactions. Circular DNA B was ampliﬁed by
RCA. To exclude wild-type DNA B, the RCA product was digested with
the new mutant-speciﬁc restriction endonuclease (compare Table 1)
and the linearized, mutagenized DNA B fragments were gel-puriﬁed.
Following re-circularization, mutated DNA Bs were again ampliﬁed by
RCA. The presence of the desired MP mutations in the ampliﬁcation
products was veriﬁed by mutant-speciﬁc restriction analysis and
direct sequencing (Schubert et al., 2007). Conﬁrmed secondary RCA
products were used for plant inoculation.
Plant material and infection
Wild-type N. benthamiana Domin were grown in a high contain-
ment greenhouse with supplementary lighting (Wege et al., 2001).
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described (Zhang et al., 2001). For infection, AbMV DNA A (X15984;
RCA product from N. benthamiana plants systemically infected with
DNA A alone following agro-inoculation; Haible et al., 2006) was used
in combination with either one of the mutated DNA Bs (secondary
RCA products, see above), or wild-type AbMV DNA B (X15983, DNA B
dimer in pBIN19, Frischmuth et al., 1993) for comparison. Plants
bombarded with dimeric wild-type DNA B in pBIN19 alone served as
mock-inoculated control. For veriﬁcation, the viral progeny from
primary infected plants was passaged to secondary sets of plants using
biolistic delivery of their RCA products. 500 ng of DNA were applied
per plant for biolistic inoculation.
Semi-quantitative Southern blot analysis of viral DNA
Total nucleic acids were isolated by a CTAB-based extraction
protocol as described above. For Southern blot analysis, samples of
1 μg total nucleic acid were separated on 1% agarose gels in the
presence of ethidium bromide (EtBr) and transferred onto nylon
membranes (alkali transfer protocol, GE Healthcare/Amersham
Biosciences). Hybridization using random-primed digoxigenin-
labeled probes (DIG-High Prime Kit, Roche) and quantiﬁcation of
AbMV DNA titers was performed as described (Wege and Siegmund,
2007). For selective detection of DNA A and DNA B, probes derived
from the ORFs AC1 (syn. AL1) and BV1, respectively, were used.
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